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Introduction
Organisms must sense and respond to their environments to survive. In many cases, organisms use membrane-bound protein kinases to directly sense environmental stimuli and, in response, phosphorylate substrates that can effect cellular changes. These phosphorylation events are typically reversible, allowing for temporal control of protein function. In bacteria, the predominant phosphorylation-based systems are two-component signal transduction pathways, which involve a sensor histidine kinase and its cognate substrate, a response regulator. 1 Following activation by an input signal, a kinase homodimer autophosphorylates on a conserved histidine. The phosphoryl group is then transferred to a cognate response regulator, which can often trigger a transcriptional response inside cells. Many histidine kinases are bifunctional, and in addition to their kinase activity exhibit phosphatase activity toward their cognate regulators, allowing a system to reset once the input signal is removed. 2 Using these systems, prokaryotes can respond to a large and diverse array of stimuli including light, carbon sources, quorum signals, antibiotics, and others. 3 Most bacteria encode dozens of paralogous histidine kinases and response regulators, with some encoding hundreds. 4 The typical histidine kinase is an integral membrane homodimer with an extracytoplasmic sensory domain linked to a cytoplasmic transmitter domain through a transmembrane helix. Sensory domains are often members of the PAS or GAF family, but they show low sequence similarity owing to the diversity of inputs they recognize. 5 In contrast, the transmitter region of the kinase is highly conserved and always consists of a DHp (dimerization and histidine phosphotransfer) domain linked to a CA (catalytic and ATP binding) domain (Fig. 1A) . The DHp domain includes two α-helices that mediate homodimerization through the formation of a four-helix bundle. 6 The CA domain forms an α/β-sandwich that binds ATP and catalyzes autophosphorylation of an exposed histidine residue in the DHp domain. 7 Early studies of the model histidine kinase EnvZ from E. coli demonstrated that it autophosphorylates in trans, as the CA domain from one subunit of a homodimer phosphorylates the DHp domain of the other subunit (Fig. 1B) . 8 E. coli kinases NtrB, AtoS, and CheA, S. aureus AgrC, and A. tumefaciens VirA also autophosphorylate in trans [9] [10] [11] [12] [13] , and all histidine kinases were initially assumed to function similarly. However, the kinases T. maritima HK853, S. aureus PhoR, and E. coli ArcB were recently shown to autophosphorylate exclusively in cis (Fig. 1B) , i.e. the CA domain from one subunit autophosphorylates the DHp domain of the same subunit (although these kinases still homodimerize). 14, 15 Whether these two mechanisms of autophosphorylation have functional consequences for signaling, and what determines whether a kinase autophosphorylates in cis or in trans, are currently unknown.
One model, suggested by histidine kinase structures, is that autophosphorylation mechanism is determined by the loop at the base of the DHp domain four-helix bundle. 15 This loop connects two α-helices (α1 and α2) and changes in this loop's connectivity will change the handedness of the four-helix bundle. Here, handedness is defined by whether α2 is positioned to the right or left of α1 when looking down the axis of the four-helix bundle from its N-terminus (Fig. 1B) . 16 Because the DHp loop determines the positioning of α2 relative to α1, in this work we refer to a loop as right-handed when it is found in a righthanded four-helix bundle, with a similar definition applied to left-handed loops. The DHp loop is right-handed in E. coli EnvZ, which autophosphorylates in trans, but left-handed in T. maritima HK853, which autophosphorylates in cis (Fig. 1A-B) ; for each kinase, independent structural studies have consistently agreed on their respective loop handedness. 6, 15, 17, 18 Differences in loop handedness are not expected to significantly change the structure of the helix bundle itself, but can readily change whether the ATP bound by a CA domain of one subunit is closer to the autophosphorylation site of the same subunit or the opposite subunit (Fig. 1B) . 19 Although the CA domain can move relative to the DHp domain, the flexible linker between these domains is too short to readily allow phosphorylation of both histidines in a DHp dimer by a single CA domain.
The sequence of the DHp domain loop is highly variable, even when comparing orthologous histidine kinases ( Fig. 2A) . Such diverse sequences might be expected to give rise to variability in the handedness of their structures, and consequently variability in whether the kinase autophosphorylates in cis or in trans. Here, we tested whether autophosphorylation mechanism is conserved among orthologs of the E. coli kinases EnvZ and PhoR. 8, 15 Surprisingly, we found that the mode of autophosphorylation is highly conserved, and that orthologs of EnvZ and PhoR with diverse loops autophosphorylated in trans and in cis, respectively. We also found that the loops from kinases that autophosphorylate in cis are sufficient, when transplanted into EnvZ, to change autophosphorylation mechanism from in trans to in cis. Together, our findings indicate that the DHp loop is a functionally important determinant of autophosphorylation mechanism in histidine kinases, supplanting the notion that these loops are simple linkers between helices.
Results

Methodology for determining whether autophosphorylation occurs in cis or in trans
To determine whether a kinase autophosphorylates in cis or in trans, we characterized the in vitro autophosphorylation of heterodimers comprising one wild-type subunit (WT) and one mutant subunit (MUT) that cannot bind ATP because it harbors an alanine in place of a conserved glycine in the G2 box of the CA domain (Fig. 1C) . 9, 20 If a kinase autophosphorylates exclusively in cis, then only the wild-type subunit in the heterodimer will be phosphorylated. If a kinase autophosphorylates in trans, then only the mutant subunit in the heterodimer will be phosphorylated (Fig. 1C) . Thus, distinguishing between autophosphorylation in trans and in cis can be determined by assessing whether the mutant or wild-type subunit, respectively, is autophosphorylated. To distinguish the subunits, we fused CFP to the N-terminus of the wild-type subunit and a smaller FLAG epitope to the Nterminus of the mutant subunit. Autophosphorylation was detected through addition of [γ-32 P]ATP followed by resolution of WT and MUT subunits with SDS-PAGE. The observed autophosphorylation represents a baseline activity as no input stimuli were added.
To form the heterodimer, homodimeric wild-type and mutant kinases were mixed together. As such a mixture equilibrates, three different dimers can form: the two possible homodimers and a heterodimer. We added 10-fold excess of the mutant kinase to favor formation of mutant homodimer and the heterodimer. The mutant homodimer cannot bind ATP, so any autophosphorylation activity observed should stem primarily from the heterodimer. For kinases that operate in trans, the mutant kinase chain in the heterodimer will be phosphorylated. For kinases that operate in cis, the wild-type kinase chain in the heterodimer will be phosphorylated. However, modification of the wild-type chain could also result from in trans phosphorylation in a small population of wild-type dimer. Thus, to confirm cases of autophosphorylation in cis, we compared time courses for the wild-type kinase alone or in the presence of excess mutant kinase (Fig. 1C) . Under the assumption that the activity of the wild-type kinase is the same in a WT homodimer or a WT-MUT heterodimer, similar time courses strongly support an in cis mechanism.
Heterodimer formation in our assay results from subunit exchange following mixing of the wild-type and mutant kinases, and we measured the kinetics of this exchange using a previously developed FRET assay. 21 Briefly, we mixed CFP-and YFP-tagged versions of a wild-type kinase in the absence or presence of mutant kinase, and measured the change in FRET signal over time (for details, see Methods) (Supp. Fig. 1A ). This assay confirmed that the wild-type and mutant kinases were competent to interact and indicated the appropriate equilibration time necessary to form heterodimers.
Autophosphorylation mechanism is conserved among EnvZ and PhoR orthologs
E. coli EnvZ autophosphorylates in trans and S. aureus PhoR autophosphorylates in cis. 8, 15 To assess whether the mechanisms are conserved, we examined autophosphorylation of four EnvZ orthologs and nine PhoR orthologs taken from phylogenetically diverse organisms (Supp. Table 1 ). An alignment of the DHp domains from these orthologs highlights the diversity of the loops relative to the conservation in the two α-helices, α1 and α2 ( Fig. 2A) . Even for orthologs from the same proteobacterial subdivision, such as E. coli EnvZ and P. aeruginosa EnvZ (γ-proteobacteria) or D. vulgaris PhoR and G. sulfurreducens PhoR (δ-proteobacteria), there is often significant diversity in the loop sequences.
For each EnvZ and PhoR ortholog, we purified a wild-type construct and an ATP-bindingdeficient construct, each harboring the DHp and CA domains. The transmembrane and periplasmic domains were not included; however, those domains likely do not influence autophosphorylation mechanism. 8, 14, 22 We used the FRET assay described above to determine the time necessary to form sufficient heterodimer after mixing the two homodimers. For each kinase, the FRET signal formed by CFP-and YFP-tagged wild-type kinase was significantly reduced by addition of untagged mutant kinase (Supp. Fig. 1 ). Some kinases, like P. aeruginosa EnvZ, underwent subunit exchange within minutes whereas others, like E. coli PhoR, underwent subunit exchange over several hours (Supp. Fig. 1 ). This broad range of subunit exchange times for different kinases is consistent with previous reports. 9, 22, 23 After allowing heterodimers to form using the equilibration times indicated by the FRET assay, we tested the autophosphorylation mechanism for each EnvZ ortholog. We observed autophosphorylation for each wild-type EnvZ ortholog but not any of the mutated variants when incubated alone, as expected (Fig. 3A) . When the wild-type and mutant kinases were mixed together, the mutant subunit was strongly phosphorylated in each case, clearly indicating that phosphorylation in the heterodimer occurred in trans. This result indicates that the autophosphorylation mechanism for EnvZ is likely conserved, at least across α-and γ-proteobacteria.
We then carried out the same experiments with PhoR orthologs. For each ortholog, when the wild-type and mutant constructs were mixed together to form heterodimers, only the wildtype subunit was significantly phosphorylated, suggesting that each PhoR ortholog autophosphorylated in cis (data not shown). To confirm these results and a cis autophosphorylation mechanism, we performed time-course experiments to compare the rate of autophosphorylation of the heterodimer with the wild-type homodimer. For five of the nine orthologs (B. thailandensis, B. subtilis, B. fragilis, G. sulfurreducens, S. aureus), the rates were similar, strongly supporting the conclusion that these kinases autophosphorylated in cis (Fig. 3B , Supp. Fig. 2 ). For three PhoR orthologs (E. coli, C. crescentus, S. coelicolor), the rate of heterodimer autophosphorylation was moderately reduced relative to the homodimer. This reduction in phosphorylation could indicate that the WT-MUT heterodimer is less active than the wild-type homodimer, or that mutant kinase present in these mixtures can inhibit phosphorylation of the heterodimer. To test the latter possibility, we mixed wild-type E. coli and C. crescentus PhoR with their corresponding MUT variants, but omitted the equilibration step such that very little heterodimer formed (Supp. Fig. 1 ). A similar decrease in autophosphorylation occurred (Supp. Fig. 3 ), indicating that the wildtype PhoR constructs were partially inhibited simply by the presence of mutant protein, perhaps through dimer-dimer interactions. Finally, for one PhoR construct (D. vulgaris), autophosphorylation of the heterodimer was moderately higher than that of the homodimer.
In sum, for all nine PhoR orthologs, our data indicate that autophosphorylation occurs in cis. In three cases (B. subtilis, C. crescentus, D. vulgaris), we observed a faint band corresponding to phosphorylation of the mutant chain (Fig. 3B ). This band may indicate low rates of autophosphorylation in trans. Alternatively, it could result from dimer-dimer interactions and the phosphorylation of a mutant chain in one dimer by a wild-type chain from another dimer. Whatever the case, the mutant band was consistently much less intense than the wild-type band, supporting the conclusion that PhoR orthologs autophosphorylate primarily in cis.
Autophosphorylation mechanism of loop chimeras
The DHp domains of E. coli EnvZ, which autophosphorylates in trans, and T. maritima TM853, which autophosphorylates in cis, both adopt four-helix bundle structures, but the loop connecting α-helices 1 and 2 in the two structures have different handedness. 6, 17 To test whether differences in loops are related to the difference in autophosphorylation mechanism, we constructed chimeras in which we replaced the loop from E. coli EnvZ, with three diverse loops from E. coli PhoR, B. fragilis PhoR, or S. aureus PhoR, each of which autophosphorylates in cis (Fig. 2B) . We also replaced the loop from E. coli EnvZ with that from E. coli RstB, another kinase that autophosphorylates in trans (Fig. 2B, 4A ). Because there are no structures of the PhoR orthologs or of RstB, we do not know the exact boundary between helix and loop, so our chimeras may have introduced a small number of helical residues flanking the DHp loop.
The three EnvZ-PhoR chimeras each had autophosphorylation rates comparable to E. coli EnvZ, and reached their maximum level of autophosphorylation after ~5 minutes, indicating that the loop swaps did not significantly affect overall autokinase activity (Fig. 4B, Supp.  Fig. 4 ). To test whether these chimeras autophosphorylated in cis or in trans, we mixed each chimera with its corresponding ATP-binding-deficient mutant, as above. In each case, we continued to see high rates of autophosphorylation, with a single band corresponding to the kinase-active chain (Fig. 4B) , indicating that autophosphorylation occurred in cis. For the chimera containing the loop from E. coli PhoR, the WT-MUT mixture showed reduced phosphorylation at time points beyond 2 minutes (Fig. 4B, Supp. Fig. 4 ). However, an alternate chimera that included additional, loop-proximal residues from E. coli PhoR (E. coli EnvZ-E. coli PhoR*) autophosphorylated in cis with little reduction in activity (Supp. Fig.   5 ).
Finally, we tested the EnvZ-RstB chimera and found that it autophosphorylated in trans, like the wild-type EnvZ and RstB kinases from which it was derived (Fig. 4A) . Taken together, our results demonstrate that the loop in the DHp domain of a histidine kinase is sufficient to change kinase autophosphorylation mechanism from operating in trans to in cis.
Loop swaps change dimerization specificity but not phosphotransfer specificity
We next assessed whether the EnvZ-RstB and EnvZ-PhoR loop chimeras showed any changes in kinase dimerization specificity as previous studies had demonstrated that histidine kinases specifically form homodimers in vitro. 21 We tested whether the chimeras could interact with E. coli EnvZ, using a FRET assay that allows fitting of equilibrium dissociation constants for both homodimers and heterodimers. 21 This assay was performed in a competitive-inhibition format, where the FRET signal from a mixture of CFP-and YFPlabeled E. coli EnvZ was inhibited by increasing concentrations of unlabeled, mutant kinase (Fig. 5A) . We found that the chimera homodimers were similar in stability to the EnvZ homodimer, with dissociation constants ranging from ~0.1 μM to 0.5 μM (Fig. 5A , Supp. Fig. 6 , Supp. Table 2 ). However, the heterodimers formed between EnvZ and the chimeras showed marked differences. The EnvZ-RstB chimera, which autophosphorylates in trans like EnvZ, interacted tightly with EnvZ. But the EnvZ-PhoR chimeras, which autophosphorylate in cis, interacted with EnvZ with dissociation constants approximately one order of magnitude weaker.
We also tested whether the EnvZ-RstB and EnvZ-PhoR loop chimeras still interacted with OmpR, the cognate response regulator for EnvZ. Previous work established that kinases specifically phosphotransfer to their cognate response regulators in vitro. 24 We measured the phosphotransfer activity of the chimeric kinases by incubating each kinase with E. coli OmpR and [γ-32 P]ATP. Wild-type E. coli EnvZ phosphorylates its cognate response regulator OmpR in vitro, as manifested by a significant and rapid decrease in phosphorylated EnvZ upon addition of OmpR (Fig. 5B) . Phosphorylated kinase incubated in the absence of response regulator showed no decrease in phosphorylation signal (Fig. 5B ). Note that a strong band corresponding to OmpR is not expected, because EnvZ also drives the dephosphorylation of OmpR~P after phosphotransfer. Each chimera demonstrated robust phosphotransfer to OmpR indicating that the change in loop and consequent change in autophosphorylation mechanism did not affect interaction between the kinase and its cognate response regulator.
Discussion
By constructing and analyzing various histidine kinases and kinase chimeras, we found that the loop in the DHp domain is a key molecular determinant of autophosphorylation mechanism. Given this observation, it is striking that orthologous kinases with widely divergent loop sequences have conserved their autophosphorylation mechanism. Below we discuss the functional role of the loops and possible selective pressures influencing whether histidine kinases autophosphorylate in cis or in trans.
Kinase loops as determinants of autophosphorylation mechanism
Introducing loops from PhoR orthologs that autophosphorylate in cis into an EnvZ ortholog that autophosphorylates in trans caused a switch in autophosphorylation mechanism. As an explanation for this observation, we favor a model in which the directionality of the loop connecting the helices is central to establishing autophosphorylation in cis or in trans (Fig.  1B) . E. coli EnvZ has a right-handed loop and autophosphorylates in trans, and T. maritima HK853 has a left-handed loop and autophosphorylates in cis. 6, 15 Based on a loophandedness model, we expect the EnvZ orthologs, E. coli RstB, and the EnvZ-RstB chimera to have right-handed loops, and we expect the PhoR orthologs and the EnvZ-PhoR chimeras to have left-handed loops. Future structural studies will be needed to test these predictions.
The B. subtilis kinase DesK could be an exception to the loop-handedness model. DesK has a left-handed loop, similar to that seen in HK853, but was suggested to autophosphorylate in trans based on cross-linking studies. 25 However, cross-linking can potentially report on dimer-dimer interactions rather than interactions within a dimer. Phosphotransfer experiments similar to those performed here are needed to unambiguously determine the mechanism of DesK autophosphorylation. DesK could also function differently from other histidine kinases. Notably, the linker between the DHp and CA domains in DesK is 15 residues shorter than in HK853. 19 The length and structure of this linker may influence which DHp domain a given CA domain can autophosphorylate.
Loop handedness could be influenced by several sequence properties, including loop length and loop physicochemical characteristics. The DHp loop in E. coli EnvZ (trans) is shorter than that in T. maritima HK853 (cis), and interestingly, the loops from EnvZ orthologs we characterized are often predicted by PSIPRED to be shorter than the loops from PhoR orthologs (4-5 vs. 6-7 residues) (Supp. Fig. 7) . 26 Local structural motifs in the loop region could also correlate with or specify loop handedness. In particular, short 3 10 helices follow the C-terminus of the first helix in T. maritima HK853 and precede the N-terminus of the second helix in E. coli EnvZ. A bend at the junction between the two helix types contributes to the turn structure in these kinases, and this may favor one loop handedness over another. 17, 18, 27 Characterizing the autophosphorylation mechanism for kinases with existing structures, like KinB or ThkA, could further support the loop-handedness model and provide additional information about how loop sequence encodes handedness. 28, 29 Although we favor a model in which loop sequence influences loop handedness which, in turn, dictates autophosphorylation mechanism, we cannot rule out other possibilities. For instance, changes in loop sequence could affect the dynamics of the DHp domain. This domain undergoes conformational changes upon receipt of an input signal, and hydrogen/ deuterium exchange experiments performed with E. coli EnvZ identified changes in helicity near the autophosphorylation site that accompany changes in osmolality. 30 It is possible that loop sequence and structure affect the structural dynamics of the DHp domain and, consequently, whether autophosphorylation occurs in cis or in trans. However, a variety of structural studies indicate that structural changes in DHp domains are largely restricted to the top half of the helix bundle, while the bottom half containing the loops remains relatively static. 19 This makes a model in which loop handedness dictates the positioning of the CA and DHp domains (Fig. 1B) seem more likely.
Conservation of autophosphorylation mechanism
The EnvZ and PhoR orthologs we characterized come from bacterial species that, in some cases, diverged from one another hundreds of millions of years ago. However, we found that their autophosphorylation mechanisms are conserved, despite highly dissimilar loop sequences. This conservation across long periods of time suggests that the mechanism of histidine kinase autophosphorylation may be under selection. Why different kinases would be under pressure to retain different mechanisms is unclear, because in either in cis or in trans autophosphorylation the same product is made, a phosphorylated histidine available for phosphotransfer to a cognate response regulator. A possible explanation is that other kinase functions linked to DHp loop handedness, separate from autophosphorylation mechanism, are under selection.
One possibility is that loop handedness may contribute to specificity in histidine-kinase dimerization interactions, thereby promoting the isolation of signaling pathways. 31 For example, EnvZ and its paralog RstB were previously shown to specifically form homodimers. Presumably, a heterodimer between these two kinases would lead to detrimental cross-talk between their respective pathways. 21 An E. coli EnvZ-RstB loop chimera, identical to the one in this study, maintained an interaction with EnvZ. This suggested that loop swaps do not affect kinase dimerization. However, loop changes in the three EnvZ-PhoR chimeras characterized here did lead to differences in dimerization. Interactions of EnvZ with the EnvZ-PhoR chimeras were destabilized relative to the interaction of EnvZ with the EnvZ-RstB chimera (Fig. 5A ). The loop model supported by this work suggests that RstB has a right-handed loop, like EnvZ, whereas PhoR and the EnvZ-PhoR chimeras have left-handed loops. It appears that mixed dimers between kinases with different loop handedness are destabilized. Possible reasons for this are illustrated in Fig. 5C , which shows that such kinases would be unable to form the stereotypical dimer. Either residues that are normally solvent exposed would become buried in the helix-bundle core, or the α1 and α2 helices would not be correctly positioned relative to one another in the helix bundle. Avoiding these highly atypical arrangements could require that the loop adopt a higher energy conformation. Destabilization of mixed dimers via this mechanism could also contribute to kinase pathway isolation. After gene duplication, a new histidine kinase could change its DHp loop handedness as one step towards evolving dimerization specificity against its new paralog. Conserving the changed loop handedness, and the resulting autophosphorylation mechanism, could be important for maintaining dimerization specificity.
Loop handedness may also play a role in phosphotransfer specificity. Loop changes in the chimeras were neutral with respect to phosphotransfer specificity, both here (Fig. 5B) and in earlier studies. 32 However, in earlier work that aimed to change the phosphotransfer specificity of kinases by making mutations at the base of their DHp helix bundles, it was observed that accompanying changes in the loops were sometimes required. 32 For example, rewiring EnvZ to phosphorylate PhoB, the cognate response regulator of PhoR, required introduction of the PhoR loop into EnvZ. 32 We suggest a model in which the binding mode of the response regulator can be somewhat different for kinases with different loop handedness. Based on the structure of cis kinase HK853 in complex with its cognate response regulator, the EnvZ-PhoR chimeras likely contact the regulator using the α1 and α2 helices from the same chain in their DHp domain dimers (Fig. 5B) . 15 Interestingly, a few positions in the DHp loop from HK853 (S279, E282, L283, and T287) also contact the regulator, adding to the kinase-regulator interface. In the EnvZ-PhoR chimera, similar specific contacts made by the PhoR loop may have been required in switching EnvZ phosphotransfer specificity to PhoB. In contrast, a trans kinase like EnvZ likely interacts with its response regulator using the α1 helix of one chain and the α2 helix of the partner chain in its DHp domain dimer (Fig. 5B) . In this arrangement, the DHp loop is not close to the interface with the regulator and is perhaps less important for determining binding specificity. This model is supported by the observation that rewiring EnvZ to phosphorylate RstA, the cognate regulator of RstB, did not require changing the loop. 32 It is also consistent with our observation here, that EnvZ-PhoR chimeras could phosphorylate OmpR, because the interaction between E. coli EnvZ and OmpR is not expected to require a loop contact.
These arguments suggest that loop handedness could help insulate pathways by destabilizing certain kinase-response regulator interactions that lack key loop interactions.
In closing, we emphasize that although our study supports a conservation of mechanism, the autophosphorylation mechanisms of most kinases are not known. Including our work here, 20 histidine kinases now have a characterized autophosphorylation mechanism. But there are tens of thousands of kinases. A predictive rule for autophosphorylation mechanism, which could possibly be established by studying determinants of loop handedness, would help establish this trend of conservation more broadly across kinase families.
Methods
Cloning and protein purification of kinase orthologs and chimeras
PhoR orthologs (341 sequences) and EnvZ orthologs (762 sequences) were previously identified by a reciprocal best BLAST hit procedure, using full-length sequences as the queries. 33 Ortholog sequences were aligned using ClustalW. 34 When calculating sequence conservation and information content for each position in the DHp domain, a sequence alignment of all available orthologs was filtered such that no pair of sequences was greater than 90% identical. 35 When predicting loop lengths, PSIPRED was run using a database of histidine kinase sequences downloaded from the Pfam database (family PF00512) and filtered for sequence redundancy. 26, 36 Predictions were made for all EnvZ and PhoR orthologs characterized in this study, and for E. coli AtoS, E. coli RstB, E. coli NtrB, and T. maritima HK853, which are all members of the same major kinase subfamily as EnvZ and PhoR. 37 For each identified kinase ortholog, pENTR clones for use in the Gateway recombination cloning system were generated as previously described from genomic DNA. 21 The amino acid boundaries for each kinase are listed in Supplementary Table 1. Each clone contained the kinase DHp and CA domains. Some EnvZ or PhoR orthologs have a cytoplasmic HAMP or PAS domain, respectively, N-terminal to their DHp domain. The HAMP domain was included in the S. meliloti EnvZ construct, and the PAS domain was included in the E. coli, C. crescentus, and B. subtilis PhoR constructs. To construct EnvZ-PhoR loop chimeras, the loop region of E. coli EnvZ was replaced by PhoR loop sequences using PCR-based sitedirected mutagenesis as previously described. 21 Each ortholog or chimera was then cloned into His 6 -expression vectors encoding either N-terminal ECFP (pRG31) or N-terminal monomeric YFP (pRG88). 21, 38 The pRG31 clones are referred to as wild-type (WT) constructs.
To disrupt ATP binding by the kinase, the third glycine in the G2 box (G×G×G) of the CA domain was mutated to alanine using QuikChange site-directed mutagenesis (Stratagene).
The mutant construct (MUT), used in the autophosphorylation and FRET-based assays, was created by taking this resulting construct and adding a tandem FLAG tag (DYKDDDDKDYKDDDDKGSG) to the N-terminus using PCR. These pENTR clones were recombined into a His 6 -expression vector, pHIS-DEST, using the Gateway LR clonase reaction. 24 Full-length response regulator E. coli OmpR was previously cloned into a His 6 -expression vector, pTRX-HIS-DEST. 24 Protein expression and protein purification were performed as previously described. 21 
FRET equilibration assay
To determine appropriate equilibration times for the autophosphorylation assays, interaction between CFP-histidine kinase (WT) and FLAG 2 -mutant histidine kinase (MUT) was monitored by measuring changes in FRET (fluorescence resonance energy transfer) signal over time. FLAG 2 -mutant histidine kinase at 50 μM was added to an equimolar mixture of CFP-histidine kinase and YFP-histidine kinase at 5 μM in HEPES storage buffer (10 mM HEPES-KOH pH 8.0, 50 mM KCl, 10% glycerol, 0.1 mM EDTA, 1 mM DTT). These mixtures were prepared in 96-well plates (Corning), covered with a foil seal, and incubated at 30 °C. Fluorescence in each well was measured over time using a Varioskan plate reader at 30 °C. To measure FRET signal, three channels were monitored: donor channel (excite 433 nm, emit 475 nm), acceptor channel (excite 488 nm, emit 527 nm), and FRET channel (excite 433 nm, emit 527 nm). In each well at the indicated time, 5 fluorescence measurements were made in each channel and then averaged. A corrected FRET emission signal was calculated as previously described. 21 The equilibration times chosen for the autophosphorylation assay are listed in Supplementary Table 1 and marked in Supplementary Figure 1 . Each FRET equilibration assay was performed at least twice, and results were similar across duplicates.
Determining autophosphorylation mechanism
To demonstrate whether a kinase ortholog autophosphorylated in trans, 5 μM wild-type CFP-kinase (WT) was mixed in the absence or presence of 50 μM FLAG 2 -mutant kinase (MUT) in HEPES storage buffer plus 5 mM MgCl 2 . The mixtures were equilibrated at 30 °C according to times established by the FRET equilibration assay (Supplementary Table 1 ). As a negative control, 50 μM mutant kinase was also equilibrated. After equilibration, the mixtures were autophosphorylated with 500 μM ATP and 5 μCi [γ-32 P]ATP (Amersham Biosciences, 6000 Ci/mmol) for 30 min at 30 °C. Autophosphorylation was stopped by adding 4X sample buffer (500 mM Tris pH 6.8, 8% SDS, 40% glycerol, 400 mM β-mercaptoethanol), and mixtures were placed on ice before being separated on a 10% TrisHCl SDS-PAGE gel (Bio-Rad). The gel was exposed to a phosphor screen for 2 h at room temperature, the resulting screen was scanned using a Storm 860 imaging system (Amersham Biosciences) at 50 μm resolution, and the images were quantified with ImageQuant 5.2.
To demonstrate a kinase ortholog autophosphorylated in cis, the same procedure as in the previous paragraph was performed; the only difference was that the autophosphorylation reaction was tracked over time. At each time point, an aliquot of the autophosphorylation mixture was removed, and the reaction was stopped by adding sample buffer. The autophosphorylation time-courses of 5 μM wild-type kinase in the absence and presence of 50 μM mutant kinase were quantified and compared. Each autophosphorylation assay was performed at least twice and results were similar across duplicates.
Measuring autophosphorylation without equilibration
For E. coli PhoR and C. crescentus PhoR, 5 μM wild-type CFP-kinase was mixed with increasing amounts of FLAG 2 -mutant kinase (0, 25, 50, 100 μM) in HEPES storage buffer plus 5 mM MgCl 2 . After equilibration according to times established by the FRET equilibration assay (Supplementary Table 1) , each mixture was autophosphorylated as in the mechanism determination assays, and autophosphorylation reactions were run for 3 min (E. coli PhoR) or 2 min (C. crescentus PhoR). Samples were separated on a 10% Tris-HCl SDS-PAGE gel and exposed to a phosphor screen as in the mechanism determination assays. In parallel, the same set of experiments was performed, but the equilibration step was omitted. Instead, FLAG 2 -mutant kinase was added to the wild-type CFP-kinase, and autophosphorylation was then initiated within 20 s.
Phosphotransfer assay
Kinase chimeras were tested for their ability to phosphotransfer to E. coli response regulator OmpR as previously described. 24 CFP-histidine kinase and thioredoxin-tagged OmpR, both at 5 μM, were prepared in storage buffer plus 5 mM MgCl 2 . Kinases were autophosphorylated as in the mechanism determination assays, and autophosphorylation reactions were incubated for 20 min at 30 °C. Phosphotransfer was initiated by adding 2.5 μM response regulator to 2.5 μM phosphorylated kinase and reactions were stopped after 10 s, 1 min, or 5 min with sample buffer. Negative controls where no response regulator was added to the kinase were performed in identical conditions. Samples were heated for 16 min at 65 °C before being separated on a 10% Tris-HCl SDS-PAGE gel and exposed to a phosphor screen as in the mechanism determination assays.
FRET assay to measure equilibrium dissociation constants
A previously described FRET assay was used to measure the equilibrium dissociation constants of chimera kinase homodimers, and of the heterodimers between chimera kinases and E. coli EnvZ. 21 Increasing amounts of FLAG 2 -mutant histidine kinase were added to an equimolar mixture of CFP-histidine kinase and YFP-histidine kinase at 0.5 μM in HEPES storage buffer. Mixtures were equilibrated in sealed 96-well plates for 8 h at 30 °C. As previously described, fluorescence was then measured and the resulting corrected FRET emission signal was used to fit homodimer or heterodimer K d values. 21 Each K d value was measured in duplicate. For measuring homodimer K d values, we assumed that CFP-, YFPand mutant versions of the same histidine kinases had the same K d for dimerization. When measuring K d values for heterodimeric interactions with EnvZ, CFP-EnvZ and YFP-EnvZ were mixed with a mutant version of the interaction partner being tested. K d values were determined using a system of ordinary differential equations that described the possible equilibrium reactions between the CFP-histidine kinase, the YFP-histidine kinase, and the mutant histidine kinase. 21 Binding curves for different K d values were simulated with MATLAB, using a grid search over reasonable values. Each K d was then chosen so as to maximize the square of the Pearson correlation coefficient (R 2 ) between the experimental data and the MATLAB-simulated data. We also estimated the range of K d values that could fit the data with similar accuracy to this best fit. The lower and upper limits of K d values that gave R 2 values at least 95% as good as that of the best fit, , were calculated and are reported in Supplementary Table 2 .
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A wild-type (WT) histidine kinase homodimer is mixed with excess mutant (MUT) histidine-kinase homodimer unable to bind ATP. Autophosphorylation within the heterodimer is initiated by the addition of radiolabeled ATP, and the chains in the dimer are then separated by SDS-PAGE. In the heterodimer, either the WT or MUT chain is labeled, depending on whether the kinase autophosphorylates in cis or in trans, respectively.
In addition, WT homodimer, also present in the WT+MUT mixture, undergoes autophosphorylation. To confirm autophosphorylation in cis, the kinetics of the WT and WT plus excess MUT reactions are compared. (A) Each kinase was assayed for its ability to interact with E. coli EnvZ using a FRET competition assay. FRET signal from a complex of CFP-EnvZ and YFP-EnvZ was disrupted by interaction with unlabeled mutant (MUT) kinase (E. coli EnvZ, EnvZ-RstB chimera, EnvZ-PhoR loop chimeras, or E. coli EnvZ-E. coli PhoR*). Equilibrium dissociation constants (K d ) were fit for each kinase homodimer and for each kinase heterodimer with EnvZ. (B) E. coli EnvZ and the EnvZ loop chimeras were assayed for their ability to phosphotransfer to the response regulator (RR) E. coli OmpR. Autophosphorylated histidine kinase (HK) was incubated for the indicated times with OmpR either present (top gel) or absent (bottom gel). Each kinase was able to phosphotransfer to OmpR, as seen by decreased levels of autophosphorylated kinase upon incubation with OmpR. On the right are cartoon depictions of a response regulator interacting with the DHp domain dimer of a kinase that phosphorylates in trans (left) or in cis (right). The mode of interaction in the cis kinase is based on a crystal structure (PDB ID 3DGE), and the mode of interaction in the trans kinase is a model. (C) A DHp dimer formed between chains with different loop handedness cannot form the stereotypical DHp interface. In such a dimer, either the usual buried dimer interface (represented by solid black rectangles) will not be formed, or the arrangement of the α1 and α2 helices will be altered from what is observed in known structures.
